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Abstract-Because of their fast switching speeds, current 
measurements for wide band-gap (WBG) devices have become 
increasingly challenging. Particularly, the designed current sensor 
must be nonintrusive and have a small size and a very wide 
bandwidth. One promising current sensor is the printed-circuit-
board (PCB) Rogowski current sensor, whose bandwidth is wide 
only if parasitic parameters of its measuring coil are minimized 
prominently. This is presently achieved by reducing the number of 
turns of the coil, which undesirably will degrade its signal-to-noise 
ratio. Alternatively, an electronic characteristic shaper proposed 
in this letter can be used for neutralizing parasitic effects, while 
performing integration to restore the measured current. 
Theoretical analyses and experimental results have shown that the 
resulting Rogowski current sensor does indeed have a wider 
bandwidth, even without changing its measuring coil.  
 
Index Terms—PCB Rogowski coil, wide band-gap device, 
current measurement, power electronics 
 
I.  INTRODUCTION 
 
Compared to traditional silicon devices, power converters 
implemented with WBG devices, such as silicon carbide (SiC) 
metal-oxide-semiconductor field-effect transistors (MOSFETs), 
have a faster switching speed [1] and a higher power density [2]. 
Those features, in turn, demand current sensors for measuring 
currents through the WBG devices to be nonintrusive with both 
a wide high-frequency bandwidth and a small footprint. Precise 
short-circuit protection [3] and current monitoring [4] can then 
be implemented with such high-end current sensors. The 
development of such sensors is however non-trivial with most 
existing sensors, including coaxial shunt, current transformer, 
and Hall-effect sensor, being not directly applicable.  
For instance, with the coaxial shunt, although its bandwidth 
can reach the unmatchable GHz range, its bulkiness is 
unquestionably not ideal for raising power density. Current 
transformer, with a bandwidth as high as tens of MHz, can next 
be considered, especially since it has widely been used for AC 
current sensing [5]. Its non-intrusiveness is however not ideal, 
because of its high-frequency parasitic inductance. The third 
option is the popular Hall-effect sensor, whose bandwidth is 
nonetheless always below 1 MHz due to possible saturation of 
its magnetic core. It is thus similarly not ideal for WBG devices. 
 Instead, a Rogowski current sensor, with a Rogowski coil 
and an integrator, has more recently been suggested as a 
promising sensor, since it satisfies all three requirements below: 
1) It has a wide high-frequency bandwidth, since it does not 
use a magnetic core and hence does not experience 
magnetic saturation. 
2) It is nonintrusive, since it detects only a small amount of 
magnetic fluxes for measurement, while using no magnetic 
core for flux concentration.  
3) It is small in size, especially when implemented with tracks 
and vias on a printed-circuit-board (PCB). 
Therefore, a PCB Rogowski current sensor can indeed be the 
optimal choice. This may also be the reason for [6] to use it for 
measuring switching current through a laminated bus bar. 
Various concerns however still exist with the Rogowski current 
sensor. One of them is its coil parasitic components, which like 
parasitic in all sensors, introduce limitations. One limitation is 
the lowering of bandwidth below a certain resonant frequency, 
which for a Rogowski coil, has commonly been solved by 
reducing its number of turns or size. For example, in [7], a 
single-turn coil has been proven to have a bandwidth as high as 
1 GHz. It is however at the expense of a smaller, and hence less 
accurate, signal-to-noise ratio. High bandwidth and high signal-
to-noise ratio are therefore not mutually achievable by only 
changing the coil structure. 
Instead, greater tuning flexibilities may be achieved through 
modifying its processing electronics, which conventionally 
have been designed to only integrate the coil output. The coil 
output, in turn, is a scaled derivative of the measured current. 
Together, the coil and integrator can then restore a scaled copy 
of the current for measurement. Using a pure integrator only has 
however not resolved the tradeoff between bandwidth and 
signal-to-noise ratio through proper circuit design. 
Therefore, this letter proposes a new electronic characteristic 
shaper, whose main purpose is to shape frequency responses of 
the overall Rogowski current sensor. The shaped frequency 
responses then offer a wider and higher bandwidth without 
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demanding for lesser coil turns. Effectiveness of the shaping 
has been verified experimentally with a Bode-100 frequency 
analyzer. Subsequently, experimental measurement of a 10-
MHz current using the shaped current sensor has been 
performed to demonstrate its accuracy over a conventional 
unshaped Rogowski current sensor. It should however be 
clarified that the proposed shaper is not like [8] and others, 
where a Rogowski coil and another sensing technique have 
been combined to create a hybrid current sensor. Such hybrid 
sensor does have a wider bandwidth, but achieved by lowering 
its lower bound, rather than raising its upper bound like the 
proposed shaper.  
 
II. BASIC MEASURING PRINCIPLES 
 
A typical Rogowski current sensor consists of a coil and an 
integrator, as depicted in Fig. 1. The coil can be routed on a 
PCB for detecting derivative of the primary measured current 
i(t), according to: 
 ( )s
di
u t M
dt
=  （1） 
where us(t) is the output voltage and M is the mutual inductance 
of the coil. Magnitude response of the coil is thus a straight line 
rising at +20 dB/dec, while its phase response is a constant at 
90°. These responses are however not achievable in practice, 
due to non-zero parasitic inductance and capacitance. An 
illustration of parasitic influences can be seen from Fig. 2(a), 
measured with a Bode-100 frequency analyzer. Unique features 
observed from the figure are the presence of a resonant peak at 
fH = 19 MHz and the start of phase roll-off to 86.2° at feH = 2 
MHz. An upper limit contributed by the coil therefore exists, 
and is usually regarded as 𝑓𝐻, even though the phase roll-off 
starts earlier at feH. 
The coil output is then fed to an integrator, which in practice, 
usually has a low-pass characteristic and a cutoff frequency 
marked as 𝑓𝐿  in Fig. 2(b). It is therefore only capable of 
restoring the measured current above 𝑓𝐿, but below 𝑓𝐻 due to 
parasitic of the coil. The outcome is then a constant-gain region 
between 𝑓𝐿  and 𝑓𝐻  in Fig. 2(b) for the overall current sensor. 
The constant gain can next be used to determine the current 
measuring range as 𝐼𝑀𝑖𝑛 ≤ 𝑖 ≤ 𝑈𝑀𝑎𝑥 (𝑀𝐾)⁄ , where 𝐼𝑀𝑖𝑛  is a 
value satisfying specified signal-to-noise ratio, 𝑈𝑀𝑎𝑥  is the 
maximum voltage that the integrator can output (determined by 
power supply of op-amp), and 𝐾 is the integral gain. Moreover, 
as observed from Fig. 2(b), the immediate challenge is to 
increase 𝑓𝐻 , in order to measure current through the WBG 
device. Conventionally, the increase has been achieved by 
reducing the number of turns to lower parasitic inductance of 
the coil. However, lesser turns inevitably lowers signal-to-noise 
ratio of the sensor. Therefore, a new electronic characteristic 
shaper has been proposed to resolve the tradeoff, as detailed 
next. 
 
III. ELECTRONIC CHARACTERISTIC SHAPER 
 
A. Underlying Principles  
Instead of performing integration only, the electronic circuit 
after the coil can provide characteristic shaping to widen the 
constant-gain (and 0°-phase) bandwidth beyond 𝑓𝐻  in Fig. 2(b). 
It is therefore appropriate to name the circuit as a shaper with 
the same low-pass characteristic, as indicated in Fig. 3. 
However, at 𝑓𝐻, the response of the shaper arcs back to create a 
trough for cancelling resonant peak of the coil, if their damping 
ratios are also set equal. Beyond 𝑓𝐻, the shaper, behaving like a 
differentiator, continues to cancel the coil roll-off. The shaped 
frequency response of the current sensor in Fig. 3 therefore has 
a significantly lifted (ideally infinite) high-frequency bound, 
not achieved by reducing turns of the coil.  
B. Coordinated Design of Characteristic Shaper 
From earlier, the characteristic shaper must provide: 
1) Integration below resonant frequency 𝑓𝐻. 
2) Cancellation at 𝑓𝐻 and beyond. 
 
Fig. 2. Frequency responses of (a) Rogowski coil only and (b) Rogowski 
current sensor. 
(a)
86.2°
f=2MHz
90°
 Caused by resonance
Rogowski current sensor
Lf Hf
(dB)G
(Hz)f
Limited by Integrator Limited by the coil
(b)
eHf Hf
 
Fig. 3. Frequency responses of damped coil, characteristic shaper and 
shaped Rogowski current sensor with widened bandwidth. 
Rogowski current sensor
Lf
(dB)G
(Hz)f
Limited by Integrator 
No more limited by the 
resonance
Resonant frequency
fCS=fH
CS H =
 
Fig. 1. A typical Rogowski current sensor with coil and integrator. 
+
−
Rogowski coil  Integrator circuit
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The first requirement can be ensured by adopting the 
conventional hybrid integrator shown in Fig. 4(a) [9], from 
which Fig. 4(b) can be derived to meet the second requirement 
simultaneously. Therefore, beginning with Fig. 4(a), the hybrid 
integrator can be sized independently as a front passive RC 
integrator connected to a rear active non-inverting integrator 
[10]. The non-inverting integrator is for low-frequency 
integration, while the RC integrator is for high-frequency 
integration. No interaction exists between them, since the non-
inverting terminal of the rear op-amp does not draw any 
significant current from the front RC circuit.  
Modifications should therefore only be introduced to the 
front passive circuit to provide the necessary high-frequency 
cancellation expected from the shaper. The exact modifications 
introduced to Fig. 4(b) are the addition of inductor L for series-
resonating with integrating capacitor C, and resistor R2 for 
tuning its damping ratio. Transfer function of the front passive 
circuit can thus be expressed as: 
 
2
1
2
2
2
1 2
1
( ) 1
s LC sCRu
u s LC sC R R
+ +
=
+ + +
 (2) 
from which resonant frequency fCS and damping radio ζCS of the 
shaper can be derived as: 
 
1 1
2
CSf
LC
=     (3) 
 
2
2
CS
CR
LC
 =  (4) 
These expressions must match those of the 40-turn 
differential PCB coil, wound according to [11] to provide high 
noise immunity. Physical layout and model of the coil are 
shown in Fig. 5(a) and (b), respectively. The latter includes Rc, 
Cc and Lc for modeling parasitic of the coil, whose values can 
be computed using existing techniques, like in [12], or 
measured. Together, they give rise to a resonant peak, whose 
damping radio can be adjusted by an external resistor Rs, also 
included in the figure. Transfer function of the damped coil can 
then be expressed as: 
 2 2( )
S
C C S C C C S C S
C S
Su sMR
i s L C R s L C R R C R R R
= −
+ + + + +
 (5) 
from which resonant frequency fH and damping radio ζH of the 
coil can be derived as: 
 
1
2
C S
C C S
H
R R
f
L C R
+
=     (6) 
 
2
22
C S C C S C
C C C S C C S
H
C R C R R L
L C R R L C R

+ +
=
+
 (7) 
Cancellation can eventually be achieved by enforcing: 
 fcs = fH   and   ζcs = ζH (8) 
 
Ⅳ. EXPERIMENTAL RESULTS 
 
To prove the newly shaped frequency responses, an 
experimental setup with a Bode-100 analyzer has been 
assembled, as shown in Fig. 6(a). The setup includes a 10- 
sampling resistor for converting the measured current into a 
voltage signal for feeding to CH1. The ratio of output of the 
shaper to the sampled signal (CH2/CH1) then gives frequency 
responses of the sensor. Subsequently, the setup in Fig. 6(b) has 
been used to display waveforms measured with the PCB 
Rogowski current sensor with and without shaping. 
 
Fig. 5. Illustration of (a) physical construction and (b) lumped-parameter 
model of Rogowski coil. 
The damping resistance
CCRS
RC LC
di
M
dt
(a) (b)
( )i t( )Su t
 
Fig. 7. Measured (a) magnitude and (b) phase responses of shaped 
Rogowski current sensor. 
Rogowski current sensor
Characteristic shaper
Rogowski current sensor
Coil with RS
(a)
(b)
=10MHzeHf
 
Fig. 6. Experimental setups for measuring (a) frequency response with 
Bode-100 analyzer and (b) actual high-frequency waveform. 
 
Fig. 4. Schematics of (a) hybrid integrator and (b) characteristic shaper. 
+
−
+
−
(a) (b)
1u 1u2u 2u
1R
1R
2R
C C
L
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A. Measurements with Bode-100 Analyzer 
The measured coil and its frequency responses are shown in 
Fig. 5(a) and Fig. 2(a), respectively. Its measured parasitic 
parameters are 𝑅𝐶 = 3.96Ω  and  𝐿𝐶 = 949.5nH , which 
together with resonant frequency read from Fig. 2(a), give rise 
to a parasitic capacitance of 𝐶𝐶 = 70pF . These parameters, 
upon substituted to (7), gives rise to a damping ratio ζH for each 
chosen damping resistance Rs. The final chosen damping 
parameters are 𝑅𝑆 = 120 Ω and 𝜁𝐻 = 0.986 to provide a fully 
damped coil characteristic for easier cancellation by the shaper. 
The shaper in Fig. 4(b) has, in turn, been found to have 
parameters 𝐿 = 2.2 μH, 𝐶 = 40 pF, 𝑅1 = 20.25 kΩ and 𝑅2 =
462 Ω  to satisfy (8). However, 𝑅2  has subsequently been 
changed to 543 Ω , after fine-tuning measured frequency 
responses of the combined current sensor. 
The resulting measured magnitude and phase responses of 
the shaped current sensor are shown in Fig. 7(a) and (b) 
respectively. Fig. 7(a) shows the cancellation of resonant peak 
of the coil, while Fig. 7(b) shows the retention of 0° phase until 
a much higher frequency. To better demonstrate the latter, Fig. 
8 shows phase responses of the shaped current sensor and 
conventional current sensor without shaping and damping 
resistor Rs in Fig. 5. More specifically, Fig. 8 shows phase of 
the conventional sensor starting to deviate from 0° at around 2 
MHz, which according to Fig. 2(a), is the same as observed with 
the PCB coil alone. This is expected, since as explained in 
Section II, integrator of the conventional sensor will not 
influence upper bound of its bandwidth. In contrast, phase of 
the shaped current sensor begins to deviate from 0° only from 
about 10 MHz onwards. Effectiveness of the shaper has 
therefore been demonstrated.  
B. Measurement with 10-MHz Primary Current 
   To further strengthen verification of the proposed method, 
both conventional and shaped current sensors have been 
positioned, as in Fig. 6(b), to measure a 130-mA primary 
current at 10 MHz. Fig. 9(a) shows the primary current and 
output of the shaped current sensor, which apparently are in 
phase. In contrast, Fig. 9(b) shows the same primary current, 
but now with a 26.5-phase-shifted output from the 
conventional current sensor. This phase shift is expected, since 
effective bandwidth of the conventional sensor is only up to 2 
(2 MHz,-4.5°)
(10.8 MHz,-4.5°)
Improved 
bandwidth
 Shaped Rogowski current sensor
Conventional Rogowski current 
sensor
 
Fig. 8. Phase responses of conventional and shaped Rogowski current 
sensor. 
 
Fig. 9. Measured current and output waveforms of (a) shaped and (b) 
conventional Rogowski current sensors at 10 MHz. 
 Primary current (50mA/div)
The shaped Rogowski current 
sensor (10mV/div)
50 ns/div
(a)
(b)
The conventional Rogowski current 
sensor (10mV/div)
 Primary current (50mA/div)
100 ns/div
Error is 26.5°
 
Fig. 10. Measured current and output waveforms of (a) shaped and (b) 
conventional Rogowski current sensors at 1 MHz. 
(a)
(b)
 Primary current (50mA/div)
The conventional Rogowski current 
sensor (10mV/div) 500 ns/div
 Primary current (50mA/div)
The shaped Rogowski current 
sensor (9mV/div) 500 ns/div
 
Fig. 11. Measured current and output waveforms of (a) shaped and (b) 
conventional Rogowski current sensors at 20 MHz. 
(a)
50 ns/div
 Primary current (50mA/div)
The shaped Rogowski current 
sensor (20mV/div)
(b)
50 ns/div
The conventional Rogowski current 
sensor (10mV/div)
 Primary current (50mA/div)
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MHz, as compared to 10 MHz of the shaped current sensor with 
the same PCB coil. 
Bandwidths of both sensors have also been verified by results 
included in Fig. 10 and Fig. 11. Fig. 10 is for 1 MHz within the 
bandwidths of both sensors. Their respective outputs therefore 
have no phase errors with reference to the measured primary 
current. In contrast, Fig. 11 shows both sensors producing phase 
errors, since their common tested frequency of 20 MHz is 
beyond their respective bandwidths. Meanwhile, outputs of the 
conventional sensor in Fig. 9(b) to Fig. 11(b) are noted to be 
more oscillatory at around 240 MHz, which in Fig. 9(a) to Fig. 
11(a), has been damped by resistor R2 of the shaper in Fig. 4(b). 
This resonance and other imperfections due to parasitic of the 
op-amp, connecting tracks and others have however only been 
resistively damped, rather than properly reshaped. They are also 
not captured by the Bode-100 analyzer, because of its 50-MHz 
upper limit. They have hence not been cancelled by adding 
more RLC branches to the non-inverting terminal of the shaper 
in Fig. 4(b). 
 
V.  CONCLUSION 
 
This letter proposes a redesigned Rogowski current sensor 
with an electronic characteristic shaper. The shaper is for 
cancelling a properly damped resonance from the coil and 
shaping its high-frequency responses, in addition to providing 
integration for restoring the primary current. The resulting 
shaped current sensor then has a much wider bandwidth, which 
in experiments, has an upper bound that is five times higher that 
of the conventional current sensor. The shaped current sensor 
therefore does not have to tradeoff between wide bandwidth and 
high signal-to-noise ratio, while retaining its simplicity. It is 
thus a suitable current sensor for measuring current through a 
WBG device in a highly dense power converter. 
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